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Abstract
We construct a minimal supersymmetric SO(10) grand unified model in 5 dimensions.
The extra dimension is compactified on an S1/(Z2 × Z ′2) orbifold which has two in-
equivalent fixed points. These are flat 4-dimensional Minkowski spaces: the visible and
the hidden branes. By orbifolding, the gauge symmetry on the hidden brane is reduced
down to the Pati–Salam gauge symmetry SU(4)×SU(2)L×SU(2)R. On the visible brane
the SO(10) is broken by the ordinary Higgs mechanism down to SU(5). The resulting
4-dimensional theory has the standard model gauge symmetry (the intersection of SU(5)
and SU(4)×SU(2)L×SU(2)R) and the massless spectrum consists of the MSSM gauge
fields and two Higgs doublets. The matter fields are assumed to live on the visible brane.
We discuss gauge coupling unification in our 5-dimensional model in terms of corrections
to the conventional 4-dimensional unification. Supersymmetry is broken on the hidden
brane (where mass terms for gauginos and a µ term are generated) and communicated to
squarks and sleptons via gaugino mediation. We also discuss a possibility of linking the
supersymmetry breaking on the hidden brane to the Higgs mechanism responsible for
partial breaking of the gauge symmetry on the visible brane via the shining mechanism.
Finally, there are no operators of dimension 5 leading to proton decay. Proton decay
through dimension 6 operators is enhanced compared to conventional GUTs and can be
seen in current or next generation proton decay experiments.
1 Introduction
The quest for a unified picture of particles and gauge interactions has led physicists
to consider the grand unified theories (GUTs) as serious candidates for physics at high
energies. GUTs offer a simple explanation of the quark and lepton quantum numbers
[1, 2, 3] and the minimal supersymmetric framework leads to a successful prediction of
the weak mixing angle from gauge coupling unification at the scale MG ≈ 1016 GeV
[4, 5]. Beyond the grand unification scale, one expects to see effects coming from the
Planck scale physics which are hoped to be explained in the context of superstring theory.
In order to get the 4-dimensional space-time from a 10-dimensional string theory, the
extra dimensions need to be compactified. Therefore the ideas of supersymmetry, grand
unification and extra dimensions are direct consequences of our quest for a unified picture
of physics.
At the string scale, the specific compactification dynamics chosen by nature leads to
the particular pattern of particles and symmetries. The nature of this dynamics is yet to
be understood. We tend to follow a bottom up approach. We try to speculate about the
high energy dynamics based on the low energy physics that has the advantage of being
examined by experiments. The compatibility of the consistent theories at high energies
with the low energy measurments is a non-trivial test for the candidates that are hoped
to come out of the string theory.
The search for alternatives among theories constructed in higher dimensional space-
times is motivated by the fact that conventional SUSY GUTs face many problems that
remain to be answered in order to give a more complete picture of nature. Some problems
like the proton decay push the conventional SUSY GUT models to the edges of viability
[6] and cast a shadow of doubt on our understanding of nature beyond the electroweak
(EW) scale. A few important other questions include the nature of SUSY breaking and
mediation, the µ problem, suppression of flavor changing neutral current effects, GUT
breaking mechanism and the doublet triplet splitting problem.
The recent interest in this direction at the field theory level started after the work of
Kawamura [7] which provides an elegant way of an SU(5) symmetry breaking and doublet
triplet splitting by an orbifold compactification of a theory formulated in 5-dimensions.1
The framework was further developed in [9, 10] and nice examples of SU(5) models
in 5-dimensions with fifth dimension compactified on the S1/(Z2 × Z ′2) orbifold were
constructed [9, 10, 11]. We find it interesting to see what can be achieved by an orbifold
compactification in the case of SO(10) gauge symmetry in 5-dimensions.
In this paper, we assume that the physics at some high energy scale can be described
by a 5-dimensional SO(10) SUSY GUT. We assume the lowest amount of supersymmetry
with a minimal particle content in the 5-dimensional bulk. The extra dimension is com-
pactified on a S1/(Z2×Z ′2) orbifold which has two in-equivalent fixed points. These are
flat 4-dimensional Minkowski spaces: the visible and the hidden branes. By orbifolding,
the gauge symmetry on the hidden brane is reduced down to the Pati–Salam gauge sym-
1We note that using orbifolds to reduce a gauge symmetry was introduced in string phenomenology
[8].
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metry SU(4)×SU(2)L×SU(2)R. On the visible brane the SO(10) is broken by ordinary
Higgs mechanism down to SU(5). The resulting 4-dimensional theory has the standard
model gauge symmetry (the intersection of SU(5) and SU(4)× SU(2)L × SU(2)R) and
the massless spectrum consists of MSSM gauge fields and two Higgs doublets. The mat-
ter fields are assumed to live on the visible brane. The model is described in section
2. In section 3 we discuss gauge coupling unification in our 5-dimensional model in
terms of corrections to the conventional 4-dimensional unification comming from heavy
Kaluza-Klein modes of the gauge and Higgs fields.
The advantage of higher dimensional construction over the conventional SYSY GUT
models is that it provides a framework with a potential to solve several challenging
questions that the conventional GUTs face. In section 4 we discuss a mechanism for
supersymmetry breaking. Supersymmetry is broken on the hidden brane where mass
terms for gauginos are generated. Its breaking is communicated to squarks and sleptons
via gaugino mediation [12] which explains the suppression of flavor changing neutral
current effects. We also discuss a possibility of linking the SUSY breaking on the hidden
brane to the Higgs mechanism responsible for partial breaking of the gauge symmetry on
the visible brane via the shining mechanism of Ref. [13]. A solution to the µ problem is
proposed in section 5 and suppression of proton decay is discussed in section 6. Finally
we conclude in section 7.
During preparation of this article, works [14] appeared considering SO(10) symmetry
breaking by orbifold compactification in 6-dimensions.
2 Minimal SUSY SO(10) model in five dimensions
In five dimensions, N = 1 supersymmetry is generated by 8 supercharges and is equiv-
alent to N = 2 supersymmetry in four dimensions. A trivial spatial compactification
of D = 5, N = 1 results in N = 2 supersymmetry in 4 dimensions. However, for the
purposes of model building, it is desirable to have N = 1 supersymmetry in 4 dimen-
sions and orbifolding is an elegant way of reducing the supersymmetry. Furthermore,
orbifolding can also be used to break the gauge symmetry in a grand unified theory [7].
In this section we present a minimal D = 5, N = 1 supersymmetric model with
SO(10) GUT gauge symmetry and additional structure on the orbifold fixed points. We
compactify the extra dimension on an orbifold S1/(Z2×Z ′2) to reduce the supersymmetry
from N = 2 to N = 1 and also reduce the SO(10) gauge symmetry. The complete
breaking of the SO(10) gauge symmetry to the Standard Model (SM) gauge group
SU(3)×SU(2)×U(1) ≡ G(SM) is achieved via a combination of orbifolding and Higgs
mechanism. The massless sector corresponds to the usual spectrum of MSSM.
2.1 The S1/(Z2 × Z ′2) orbifold
We consider a 5-dimensional space-time with the 5’th dimension compactified on an
orbifold. Following Ref. [7, 9, 10] the orbifold is taken to be S1/(Z2 × Z ′2) where S1 is
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a circle of radius R = 1/Mc ∼ 1/MG defined with a periodic coordinate 0 ≤ x5 < 2piR.
S1/Z2 is obtained by dividing S
1 with a Z2 transformation x5 → −x5. We further
divide S1/Z2 orbifold by a Z ′2 transformation x
′
5 → −x′5 with x′5 = x5 + piR/2 to obtain
S1/(Z2×Z ′2). x5 = 0 and x5 = piR/2 are in-equivalent orbifold fixed points. These fixed
points are each a flat 4-dimensional Minkowski space and we refer to them as the visible
brane and the hidden brane, respectively. (Later in section 2.3 the ordinary matter
fields are assumed to be confined to the visible brane.) A generic field φ(xµ, x5) in the 5-
dimensional bulk is identified by its transformations under the Z2 and Z
′
2 parities P = ±
and P ′ = ±, respectively.
φ(xµ, x5)→ φ(xµ,−x5) = P φ(xµ, x5),
φ(xµ, x
′
5)→ φ(xµ,−x′5) = P ′ φ(xµ, x′5). (1)
A field φ±±(xµ, x5) with a definite set of parities (P, P ′) = (±,±) has a unique Fourier
series expansion:
φ++(xµ, x5) =
1√
2δn,0piR
∞∑
n=0
φ
(2n)
++ (xµ)cos
2nx5
R
,
φ+−(xµ, x5) =
1√
piR
∞∑
n=0
φ
(2n+1)
+− (xµ)cos
(2n+ 1)x5
R
,
φ−+(xµ, x5) =
1√
piR
∞∑
n=0
φ
(2n+1)
−+ (xµ)sin
(2n + 1)x5
R
,
φ−−(xµ, x5) =
1√
piR
∞∑
n=0
φ
(2n+2)
−− (xµ)sin
(2n + 2)x5
R
(2)
From the 4-dimensional perspective the Fourier component fields (Kaluza-Klein states)
φ
(2n)
++ acquire a mass 2n/R, φ
(2n+1)
+− and φ
(2n+1)
−+ a mass (2n + 1)/R, and φ
(2n+2)
−− a mass
(2n+ 2)/R. Only φ++(xµ, x5) has a massless Kaluza-Klein (KK) mode φ
(0)
++(xµ) and all
other KK modes have mass of order GUT scale or larger. φ++(xµ, x5) and φ+−(xµ, x5) are
non-vanishing on the visible brane and can directly couple to the ordinary matter living
on the visible brane. φ++(xµ, x5) and φ−+(xµ, x5) are non-vanishing on the hidden brane.
On the other hand, the fields φ−+(xµ, x5) and φ−−(xµ, x5) (φ+−(xµ, x5) and φ−−(xµ, x5))
have non-vanishing x5-derivatives on the visible (hidden) brane and their x5-derivatives
can couple directly to the fields on the visible (hidden) brane .
2.2 Gauge symmetry structure on the orbifold
N = 1 SUSY in D = 5 space-time may be formulated in terms of the usual D = 4, N = 1
superfield notation. A D = 5, N = 1 gauge supermultiplet can be decomposed into a
D = 4,N = 1 gauge (V ) and a chiral (φ) supermultiplet. In the same way, aD = 5,N = 1
hypermultiplet can be expressed as a pair ofD = 4,N = 1 chiral multiplets. In our model,
we assume that a single D = 5,N = 1 gauge supermultiplet and Higgs hypermultiplet live
in the bulk. The gauge supermultiplet is in the adjoint representation (45-dimensional)
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of SO(10). We take the Higgs hypermultiplet to be in the 10-dimensional representation
of SO(10) and refer to the N = 1 chiral superfield components as 10H and 10′H . The
action for our minimal model containing one gauge and one massless hypermultiplet in
the bulk can be expressed in terms of the N = 1 superfields as [15]
SN=2 =
∫
d5x
{
2
g2
Tr
[
1
4
∫
d2θW αWα + h.c.
+
∫
d4θ
(
(
√
2∂5 + φ
†)e−V (−
√
2∂5 + φ)e
V + ∂5e
−V ∂5e
V
)]
+
∫
d4θ[10′He
V 10′†H + 10
†
He
−V 10H ]
+
[ ∫
d2θ10′H(∂5 −
1√
2
φ)10H + h.c.
]}
. (3)
The action is invariant under the Z2 transformations:
V (xµ, x5)→ V (xµ,−x5) = P V (xµ, x5) P (4)
φ(xµ, x5)→ φ(xµ,−x5) = −P φ(xµ, x5)P (5)
10H(xµ, x5)→ 10H(xµ,−x5) = P 10H(xµ, x5) (6)
10′H(xµ, x5)→ 10′H(xµ,−x5) = −P T 10′H(xµ, x5) (7)
where P is a 10× 10 matrix acting on the gauge indexes and P 2 = 1. The action is also
invariant under the Z ′2 transformations where P
′ and x′5 = x5 + piR/2 replace P and x5.
We choose P = 15×5⊗12×2 and P ′ = diag (−1,−1,−1, 1, 1)⊗12×2. The Z2×Z ′2 charges
of the superfields are listed in the table.
10H Z2 × Z ′2 mass
6H (+,−) (2n+ 1)/R
4H (+,+) 2n/R
V Z2 × Z ′2 mass
Vt+ (+,+) 2n/R
Vt− (+,−) (2n+ 1)/R
10′H Z2 × Z ′2 mass
6′H (−,+) (2n+ 1)/R
4′H (−,−) (2n+ 2)/R
φ Z2 × Z ′2 mass
φt+ (−,−) (2n+ 2)/R
φt− (−,+) (2n+ 1)/R
Table 1: The decomposition of 4d vector supermultiplet V, chiral supermultiplet φ, and
chiral multiplets 10H and 10
′
H according to their parity assignments with corresponding
KK masses.
10H and V have even Z2 parities, while 10
′
H and φ have odd Z2 parities and vanish
at x5 = 0. This signals the breakdown of N = 2 supersymmetry into N = 1. The
non-vanishing 10H and V on the visible brane are complete SO(10) multiplets and the
SO(10) gauge symmetry is respected on the visible brane.
The Z ′2 projection breaks the SO(10) gauge group into SO(6)×SO(4) on the hidden
brane. The three −1’s in P ′ are associated with the SO(6) and the two +1’s are related
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to the SO(4). These and following observations are elaborated in detail in the appendix.
Note, that SO(6) ∼ SU(4) and SO(4) ∼ SU(2)L × SU(2)R. In fact, SU(4) contains
SU(3)×U(1)B−L where SU(3) is the SM QCD gauge group and U(1)B−L is the symmetry
group associated with the baryon number minus lepton number generator. SU(2)L is
the weak gauge group.
The Higgs fields 10H and 10
′
H are realized under SO(6)×SO(4) subgroup of SO(10)
as 10 = 6⊕4. Under the SM gauge group, we further have 6 = t⊕ t¯ and 4 = d⊕ d¯ where
t (t¯) is a color triplet (anti-triplet) and d, d¯ are weak doublets.
Based on the notation used in the appendix, V and φ (which are in the adjoint
representation of SO(10)) are classified into t+-type and t−-type categories. The t+-
types belong to the SO(6) × SO(4) subgroup of SO(10) and commute with P ′. The
t−-types belong to SO(10)/(SO(6)× SO(4)) and anti-commute with P ′.
From the parity assignments in the table we see that only the two Higgs doublets,
dH and d¯H (contained in 4H), and the gauge fields Vt+ of SO(6) × SO(4) gauge group
have zero modes.
To summarize the orbifolding results, at the zero-mode level, we are left with N = 1
supersymmetry and SO(6) × SO(4) gauge symmetry. SO(10) gauge symmetry is re-
spected on the visible brane while there is only SO(6)× SO(4) gauge symmetry on the
hidden brane. There is N = 1 supersymmetry on both branes.
We now need to further reduce the SO(6)×SO(4) gauge symmetry of the zero-modes
to the SM gauge symmetry. Unfortunately, this is not possible to achieve by a Z2 projec-
tion. In general is in not possible to break the rank of a group by an abelian orbifolding
symmetry. This applies to the case of the orbifold breaking by inner automorphism. In
the case of the orbifold breaking by outer automorphisms the rank reduction is possible
but only in very limited ways. The SO(10) symmetry cannot be reduced in this way to
SU(5) or G(SM). These issues were recently discussed in detail in Ref. [16].
The reduction of the SO(6)×SO(4) gauge symmetry to the SM gauge group can be
accomplished via the ordinary Higgs mechanism on either the visible or the hidden brane.
We assume that a pair of 16, 1¯6 living on the visible brane gets a vacuum expectation
value of order Mc in the right handed neutrino direction.
2 This breaks SO(10) down
to SU(5) on the visible brane and gives GUT-scale mass to those gauge fields among
Vt+ that belong to SO(6) × SO(4)/G(SM) including the orbifold zero-modes. Since
SO(10) is broken on the hidden brane to SO(6)× SO(4) we are left with the SM gauge
symmetry in the four dimensional theory (the intersection of SU(5) and SO(6)×SO(4)).
The massless spectrum consists of MSSM gauge fields and two Higgs doublets.
2.3 MSSM matter fields
Our next task is to identify the ordinary matter and other fields living on the branes
along with all possible interactions of the brane and bulk fields. The interactions should
2Another possibility is to assume that a field transforming as (4, 2) under SO(6) × SO(4) lives on
the hidden brane and gets a vev that breaks the gauge symmetry down to the SM guage group.
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respect the SO(10) gauge symmetry on the visible brane and SO(6) × SO(4) on the
hidden brane.
There are several approaches explored in Refs. [9, 10, 11] within the context of SU(5).
Realistic fermion masses can be obtained by mixing brane–localized multiplets with bulk
multiplets [10], or it is possible to have a complete freedom in Yukawa couplings if matter
fields originate from different bulk multiplets [11]. Many of these mechanisms can be
generalized to the SO(10) case. Since fermion masses are not the subject of this paper
we assume here the simplest possibility that ordinary matter superfields are localized on
the visible brane. Each family of ordinary matter fermions and their superpartners is
represented by a chiral superfield in the 16-dimensional representation of SO(10). For
the purposes of this paper, we only consider the third generation and refer to it as 163.
In order to construct an action for the matter fields on the visible brane, we need to
know their Z2 × Z ′2 transformation properties. After all, we are interested in having an
action which is invariant under the Z2×Z ′2 symmetry. The Z2 parity of the matter fields
living on the visible brane must all be plus. The Z ′2 parity of these fields are determined
by requiring that any SO(10) invariant operator on the visible brane transforms covari-
antly under Z ′2. Z
′
2 orbifold identifies the points x5 = 0 and x5 = piR. If various parts of
an SO(10) invariant operator at x5 = 0 transform differently under Z
′
2, the correspond-
ing terms at x5 = piR cannot combine into an SO(10) invariant operator. To our choice
of P ′ acting on 10 dimensional representation correspond these possible P ′ charge as-
signments of fields in a spinor representation P ′(Q,U,D, L,E, ν) = ±(+,−,−,+,−,−).
The invariant action for 163 coupled to the Higgs superfield non-vanishing on the visible
brane (10H) is
Smatter =
∫
d5x
1
2
{δ(x5)− δ(x5 − piR)}
√
2piRλ3
∫
d2θ 16310H163 + h.c., (8)
where λ3 is the dimensionless Yukawa coupling. The coupling of the ordinary matter
supermultiplet 163 to the Higgs 10H generates the desired MSSM couplings of the quark
and lepton superfields to the massless Higgs zero-mode doublets. Integrating out the
extra dimension and writing the effective 4-dimensional Lagrangian in terms of the KK
modes of the bulk fields we end up with
L4 =
√
2λ3
∞∑
n=0
∫
d2θ[
1√
2δn,0
QUd
(2n)
H +
1√
2δn,0
QDd¯
(2n)
H +
1√
2δn,0
Lνd
(2n)
H
+
1√
2δn,0
LEd¯
(2n)
H +
1
2
QQt
(2n+1)
H + UEt
(2n+1)
H +QLt¯
(2n+1)
H + UDt¯
(2n+1)
H ] + h.c..
(9)
The Higgs zero-modes are coupled exactly in the form of the MSSM. However, a µ term
is absent in the superpotential and the appropriate mechanism to generate the µ term
at the right scale will be presented in section 5.
10′H vanishes on the visible brane and therefore there is no coupling in the super-
potential like 16310
′
H163. However there are other possible interactions on the branes
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that do not vanish either on the visible or hidden brane. Consider an interaction on the
visible brane ∫
d5x
1
2
{δ(x5) + δ(x5 − piR)}
∫
d2θ 10H10H . (10)
Similar interactions respecting the SO(6)×SO(4) symmetry can in principal be present
on the hidden brane too,
∫
d5x
1
2
{δ(x5 − piR/2) + δ(x5 + piR/2)}
∫
d2θ ( λ66
′
H6
′
H + λ44H4H ). (11)
The Higgs triplets are coupled in such terms by a mass of orderMc and seem to confront
our model with the usual challenge of the conventional SUSY GUT models – proton
decay. Another major complication expected from these terms is that they couple the
zero-mode Higgs doublets d
(0)
H and d¯
(0)
H in the superpotential and produce a GUT scale
µ parameter that is too large. To cure this problem, we notice that the action (3) is
invariant under a U(1)R symmetry and also a vector-like U(1)PQ Peccei-Quinn (PQ)
symmetry under which 10H and 10
′
H have opposite charges. We see that interactions
in Eqs. (10), (11) can be easily forbidden by requiring that any of these symmetries is
respected on branes. Later in section 5 we will find convenient to assume that the full
theory is invariant under U(1)PQ with Q10H = +1 and Q10′H = −1.
3 Gauge coupling unification
In this chapter, we discuss the issue of gauge coupling unification. The massless spectrum
in this model is exactly that of the MSSM. The gauge couplings run from the EW scale
to the compactification scale (Mc ∼ 1/R) with the ordinary MSSM β functions. They
almost unify atMc which is below but very close to the conventional GUT scale. Beyond
Mc, the gauge couplings run slowly due to the heavy KKmodes that do not fill degenerate
GUT multiplets and unify at scale M∗. Such threshold corrections coming from the KK
states can be easily estimated [17, 10]. If we assume a unified value α∗ at a scale M∗, we
may write a one-loop expression for the value of the gauge couplings at the EW scale
α−1i (MZ) = α
−1
∗ (M∗) +
1
2pi
(
αi ln
mSUSY
MZ
+ βi ln
M∗
MZ
+ γi
Nl∑
n=0
ln
M∗
(2n+ 2)Mc
+ δi
Nl∑
n=0
ln
M∗
(2n+ 1)Mc
)
, (12)
where (α1, α2, α3) = (−5/2,−25/6,−4), (β1, β2, β3) = (33/5, 1,−3) are usual MSSM
coefficients and (γ1, γ2, γ3) = (4,−2,−5) and (δ1, δ2, δ3) = (−18,−12,−9) correspond to
odd and even KK modes of Higgs and gauge fields in our model.3 All KK modes below
3In order to calculate the β functions, we have included the Higgs and gauge hypermultiplets in
the bulk along with the matter fields on the visible brane. This is a rough approximation and we are
ignoring possible additional fields in the gauge symmetry and SUSY breaking sectors and also fields in
the flavor sector of the theory.
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M∗, where (2Nl+2)Mc ≤M∗, are included in the sum on n. We assume that the model
is SO(10) symmetric beyond M∗ and also that a more fundamental theory can justify
the termination of the sums at M∗.
The gauge coupling unification in the conventional GUTs with only the MSSM par-
ticle content below the GUT scale is well established within the error-bars of the exper-
imental values of the couplings at the EW scale. However, in our model, in addition to
the MSSM states, we have a tower of heavy KK modes that are GUT non-degenerate.
Such KK modes alter the running of the couplings. As a result the conventional 4-d GUT
unification can not coexist with the assumed unification in our model. In the following,
we assume that the gauge couplings exactly unify in our model and based on that, we
try to estimate the amount of the non-unification of the couplings in the conventional
GUTs. We show that the amount of the non-unification is small enough to be justified
within the experimental error-bars of the couplings and our approximations. We thus
have a model that gives a consistent picture of the gauge coupling unification.
Define M∗ = (2Nl + 2)Mc to be the scale at which all three gauge couplings unify.
As an example, for α1 and α2 we can write
(α−11 − α−12 )(MZ) =
1
2pi
(
5
3
ln
mSUSY
MZ
+
28
5
ln
(2Nl + 2)Mc
MZ
− 6
Nl∑
n=0
ln
(2n+ 2)
(2n+ 1)
)
. (13)
In order to compare this with the conventional 4-d GUTs, we define MG to be the scale
where α1 and α2 meet and take the value αG. We assume that α3 does not exactly
unify with the other two couplings and we parametrize the non-unification by a small
parameter ξ given by α−13 (MG) = α
−1
G + ξ. A similar formula to Eq. (13) can be written
in the conventional 4-dimensional GUTs:
(α−11 − α−12 )(MZ) =
1
2pi
(
5
3
ln
mSUSY
MZ
+
28
5
ln
MG
MZ
)
. (14)
By comparing Eqs. (13) and (14) we can calculate the value of the compactification
scale:
ln
Mc
MG
=
15
14
Nl∑
n=0
ln
(2n+ 2)
(2n+ 1)
− ln(2Nl + 2). (15)
For example, if we take Nl = 4 (M∗ = 10Mc), for the range 1 × 1016 < MG < 3 × 1016
the compactification scale comes to be in the range 4.5× 1015 < Mc < 1.3× 1016.
In order to estimate ξ, we write equations similar to Eqs. (13), (14) for α1 and α3
and solve for the compactification scale.
ln
Mc
MG
=
45
48
Nl∑
n=0
ln
(2n+ 2)
(2n+ 1)
− ln(2Nl + 2)− 5
24
piξ. (16)
From Eqs. (15), (16) one can calculate the level of non-unification ξ ≈ −0.3.4 This is a
small correction, less than 1.5% of the GUT scale value of the gauge coupling constant
4Note, ξ is an increasing function of Nl, however this dependence is quite mild.
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α−1G ≈ 24. However, we note that our estimates are at one loop and subject to a few
percent correction coming from higher loops. The fact that our estimated correction
is not too large gives us hope that our model is consistent with the gauge coupling
unification picture and the experimental values at the EW scale. In section 6 we will
show that large values of Nl (larger than ∼ 30) would be inconsistent with the current
experimental limits on proton decay.
We note that the gauge group on the hidden brane is only SO(6)× SO(4). In fact,
one may write terms on the hidden brane that do not respect the full SO(10) symmetry
of the bulk that is necessary for complete unification of the gauge couplings. Ref. [10]
shows that the effects of these terms are small enough to be ignored in these models.
4 Breaking the N = 1 supersymmetry
In the previous sections, we benefitted from orbifolding to reduce the amount of super-
symmetry. However, we are still left with N = 1 SUSY that survives the compactifica-
tion. Since there is yet no experimental evidence of SUSY particles at current collider
energies, the N = 1 SUSY must be broken at scale of a TeV or higher. In this paper,
we assume that SUSY is broken by the vacuum expectation value of an SO(6)× SO(4)
singlet chiral superfield X that is localized on the hidden brane.
〈X〉 = θ2FX (17)
X can couple directly to the gauge fields on the hidden brane through the ultraviolet
scale suppressed terms
L5 = 1
2
{δ(x5 − piR/2) + δ(x5 + piR/2)}
∫
d2θ
(
λ′6
X
M2∗
W iαW iα
+ λ′4
X
M2∗
W jαW jα + h.c.
)
, (18)
where index i(j) runs over the number of gauge fields of the SO(6) (SO(4)) symmetry
group. This will give universal masses to the gauginos of SO(6) and SO(4) gauge groups
separately,
M6 =
λ′6FXMc
M2∗
, M4 =
λ′4FXMc
M2∗
. (19)
The factor Mc is from the wave function normalization of the 4-dimensional gaugino
fields. The masses of the gauginos of the MSSM (M1,M2,M3) are given as
M1 =
2
5
M6 +
3
5
M4, M2 = M4, M3 = M6. (20)
The special form of M1 is related to the fact that the hypercharge operator is expressed
as Y =
√
2
5
(B − L) −
√
3
5
t3R where B − L and t3R are the generators of the SO(6) and
SO(4) symmetry as discussed in the appendix. The couplings of X to the fields on
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the visible brane are suppressed at short distances by locality. The soft SUSY breaking
scalar masses and trilinear couplings are negligible at the GUT scale. By RGE running
down to the EW scale, they receive large contributions from the gaugino mass terms
and acquire finite values. These contributions to the scalar masses are flavor blind and
thus do not cause large flavor changing neutral currents. Such a scenario for mediating
supersymmetry breaking is called gaugino mediation [12]. Minimal gaugino mediation
is characterized by finite universal gaugino masses and negligible trilinear couplings and
scalar masses at the GUT scale. Here, we have a special case of the non-universal gaugino
mediation where the Bino mass M1 is completely constrained by the Wino mass M2 and
the gluino mass M3. The usual universal gagino mediation models predict the stau to
be the lightest supersymmetric particle (LSP). However stau is charged and is strongly
disfavored by experimental data as the LSP. The partial non-universality of the gaugino
masses in our model might provide a solution to this problem.
The SUSY breaking mechanism on the hidden brane can be easily linked to the
Higgs mechanism responsible for partial breaking of the gauge symmetry on the visible
brane. This is achieved via the shining mechanism [13]. Consider a massive gauge
singlet hypermultiplet in the bulk containing a pair of chiral superfields Φ and Φc. The
hypermultiplet couples to the field X on the hidden brane and to the 16, 1¯6 on the visible
brane. The action can be expressed as
S =
∫
d5x
(∫
d4θ[Φ†Φ + Φc†Φc] +
∫
d2θ[Φc(m+ ∂5)Φ (21)
+
1
2
(δ(x5) + δ(x5 − piR))16 1¯6Φc + 1
2
(δ(x5 − piR/2) + δ(x5 + piR/2))XΦ]
)
.
〈16 1¯6〉 acts as a source and Φ develops a non-trivial profile in the bulk. The shining
mechanism gives a SUSY breaking F-term vev to the field X on the hidden brane,
FX ≈ 〈16 1¯6〉 exp(−pimR
2
). (22)
Note that the appropriate phenomenology with TeV scale SUSY masses in Eq. (19) is
possible with
√
FX ≈ 1011 − 1012 GeV. This is a mass scale that is almost 105 times
smaller than the GUT scale. The SUSY breaking scale seems to have a completely
independent nature from the grand unification scale. However, the power of shining
mechanism is that the SUSY breaking scale is generated from the compactification scale
and the undesirable large hierarchy between the compactification and SUSY scales is
cured by taking m ∼ 10Mc which is close to its natural value, i.e. the ultraviolet scale
∼ M∗. We emphasize that in our model, in addition to the ultraviolet scale, we have
only the compactification scale and the SUSY breaking is dynamically generated via the
shining mechanism at the appropriate scale. As a result, the GUT breaking and SUSY
breaking have common origins in our model and are linked together.
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5 Generating the µ term, solving the µ problem
The µ term in the superpotential of the MSSM couples the two light Higgs doublet super-
fields with a mass dimension one parameter, µ. Since the µ term respects supersymmetry
and the gauge symmetries of the MSSM, one expects it to be of order the ultraviolet
scale in the theory. However, for various phenomenological reasons, µ parameter needs
to be of order the EW scale. The difficulty in generating the µ parameter at the right
scale is called the µ problem. There is another parameter in the MSSM (Bµ) with mass
dimension two that couples the Higgs doublets in the soft SUSY breaking Lagrangian.
Bµ is also expected to be of order the EW scale, squared. Our goal is to set up our
model in order to have both µ and Bµ parameters at the right scale.
It was noted earlier in this paper that by assigning PQ charges to the 10 dimensional
Higgs multiplets in the bulk, we avoided terms like Mc10H10H on the branes that po-
tentially give rise to a very large µ parameter. Our model presents a solution to the
µ problem while keeping Bµ under control. One can imagine an SO(6) × SO(4) sin-
glet chiral superfield Y on the hidden brane with PQ charge QY = +2. An ultraviolet
suppressed term of the form [18]
∫
d5x
1
2
{δ(x5 − piR/2) + δ(x5 + piR/2)}
∫
d4θ(
Y †
M2∗
4H4H) + h.c. (23)
is allowed on the hidden brane and can result in a µ term
µ ∼ FYMc
M2∗
(24)
if
〈Y 〉 = θ2FY . (25)
Comparing this with the result in Eq. (19), one notices that the value of µ is at the
right scale provided that the SUSY breaking vevs of Y and X are comparable.5 It is
important to note that Bµ is also generated at this order since
∫
d4θ
XY †
M3∗
4H4H + h.c. (26)
is allowed by the PQ symmetry (QX = 0).
Bµ ∼ F
2
YMc
M3∗
. (27)
It is now evident from
√
Bµ/µ ∼
√
M∗/Mc ∼ 3 that Bµ is also generated at the right
scale.
5We proposed that X gets a SUSY breaking vev through the shining mechanism. However, we
assume that there exists a potential on the hidden brane for X and Y that relates the vev of Y to the
vev of X at the same scale.
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6 Proton decay
Proton decay in grand unified theories can happen through dimension six operators com-
ing from the exchange of the X gauge bosons. The mass of the X gauge bosons must be
large enough to bring the predicted proton decay rate below the current experimental
bounds. Note that the mass of the X gauge bosons in our model is the compactification
scale and so the experimental bounds on the proton decay set limits on the compactifi-
cation scale.
Super-Kamiokande puts a bound on τp→e+pi0 > 4.4 × 1033 (90% CL) [19] and this
translates into a limit on the compactification scaleMc > 6×1015 GeV. In our model, the
size of the compactification scale from Eq. (15) is a decreasing function of Nl. Therefore,
the current experimental bound on p→ e+pi0 gives an upper bound onNl ∼ 30. However,
it should be noted that this is a quite conservative limit. Improving the experimental
bounds will result in a lower upper limit on the value of Nl. Thus the predictions of our
model can be tested in the current or the next generation proton decay experiments.
There are other possible dangerous sources for proton decay in the SO(10) grand
unified theories. Large contributions to proton decay are expected from the Higgs triplet
exchanges. We show that unlike the conventional SO(10) GUTs, the Higgs triplet contri-
bution vanishes in our 5-dimensional model.6 Consider the relevant terms coming from
Eq. (9) for the proton decay through the Higgs triplets
1
2
QQt
(2n+1)
H + UEt
(2n+1)
H +QLt¯
(2n+1)
H + UDt¯
(2n+1)
H . (28)
The only mass terms consistent with the PQ symmetry in our model are coming from
the bulk contribution Eq. (3) of the form
Mc(t
′(2n+1)
H t¯
(2n+1)
H + t
(2n+1)
H t¯
′(2n+1)
H ). (29)
After integrating out the GUT-scale heavy fields tH , t¯H , t
′
H , t¯
′
H we observe that we get
no terms of the type QQQL or U¯D¯U¯E¯ and thus no proton decay from dimension five
operators. It is worth to note that even an additional mass term for the Higgs triplets
of the form
Mct
(2n+1)
H t¯
(2n+1)
H (30)
does not affect the proton decay result that we just mentioned. Another possible source
for proton decay is the operator 16 16 16 16 on the visible brane where 16s represent
generations of matter fields. This term is also forbidden by the PQ symmetry.
The conventional SUSY GUTs are pushed to their limits by the updated experi-
mental bounds on the proton decay. We showed that our model survives the current
experimental bounds yet may be tested in the near future.
6The discussion of proton decay in our SO(10) model is similar to the case of SU(5) discussed in
Ref. [10].
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7 Conclusions
We have constructed an SO(10) supersymmetric grand unified model in 5 dimesions. A
gauge supermultiplet and a single Higgs hypermultiplet live in the 5-dimensional bulk.
The extra dimension is compactified on an orbifold S1/(Z2 × Z ′2) which has two fixed
points: the visible and the hidden branes. The matter supermultiplets are confined on
the visible brane. By orbifolding N = 2 supersymmetry is reduced to N = 1, and the
SO(10) gauge symmetry is reduced to SO(6)× SO(4). Unfortunately it is not possible
to reduce SO(10) down to the SM gauge symmetry by an abelian orbifolding and the
further reduction of the gauge symmetry to that of SM is achieved by ordinary Higgs
mechanism. However, we argue that this does not have to be viewed as a downside of the
model. The Higgs mechanism responsible for partial breaking of the gauge symmetry can
be used to trigger the breaking of the remaining N = 1 supersymmetry via the shining
mechanism. The GUT breaking vev of the 16, 1¯6 pair living on the visible brane acts as
a source for the shining mechanism which gives a SUSY breaking F-term vev to the field
X living on the hidden brane. The large hierarchy between the SUSY breaking scale and
the GUT breaking scale is achieved by the exponential suppression of the SUSY breaking
vev with respect to the source. The F-term vev of X gives soft SUSY breaking masses
to gauginos. The breaking of supersymmetry is communicated to squarks and sleptons
through gaugino mediation and so the flavor changing neutral currents are suppressed.
The specific feature of this model is the non-universality of gauguino masses. The Bino
mass M1 is completely constrained by the Wino mass M2 and the gluino mass M3 which
is dictated by the SO(6) × SO(4) gauge symmetry on the hidden brane. This might
provide a solution to the usual problem of universal gaugino mediation models which
typically predict stau to be the LSP. The µ and Bµ terms are also generated on the hidden
brane at the scale that can also be linked to the GUT symmetry breaking vev. Operators
of dimenion 5 which could lead to proton decay are forbidden by PQ symmetry. Proton
decay through dimension 6 operators is enhanced compared to conventional GUTs and
can be seen in current or next generation proton decay experiments.
Acknowledgements: We would like to thank S. Raby and T. Blazˇek for discussions.
R.D. thanks the Physics Department at the University of Bonn and the Theory Division
at CERN for their kind hospitality while working on this project. R.D. is partially
supported by DOE grant DOE/ER/01545-818. A.M. would like to thank the organizers
of SUSY and Extra Dimensions 2001 and The ANL HEP Theory Group where part of
this work was done. A.M. is supported in part by the National Science Foundation under
Grant PHY-0071054.
Appendix
In order to better understand the breaking of the gauge group and the notation used
in this paper, we present a short review of SO(10) group theory in this appendix. A
generator of SO(10) group is an imaginary 10 × 10 antisymmetric matrix and may be
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written as
t = A5×5 ⊗ 12×2 +B5×5 ⊗ σ2 + C5×5 ⊗ σ1 +D5×5 ⊗ σ3, (31)
where σa are the Pauli matrices. A5×5, C5×5 and D5×5 are 5×5 imaginary antisymmetric
matrices while B5×5 is a 5 × 5 real symmetric matrix. It is possible to classify the
generators of SO(10) algebra based on whether they commute (t+) or anti-commute
(t−) with P ′ = diag (−1,−1,−1,+1,+1)⊗ 12×2. The SO(10) generators that commute
with P ′ can always be written as
t+ =
(
A3×3 0
0 A2×2
)
⊗ 12×2 +
(
B3×3 0
0 B2×2
)
⊗ σ2
+
(
C3×3 0
0 C2×2
)
⊗ σ1 +
(
D3×3 0
0 D2×2
)
⊗ σ3, (32)
where A3×3, C3×3, D3×3(A2×2, C2×2, D2×2) are 3× 3(2× 2) imaginary antisymmetric ma-
trices and B3×3(B2×2) is a 3 × 3(2 × 2) real symmetric matrix. The rest of the SO(10)
generators in Eq. (31) anticommute with P ′.
The t+ generators of SO(10) in Eq. (32) are in fact the elements of the SO(6)×SO(4)
subalgebra of SO(10). Eq. (31) is a representation of the SO(10) generators based on
5 × 5 matrices times Pauli sigma matrices. In the same way, Eq. (32) represents the
SO(6) (SO(4)) generators based on 3 × 3 (2 × 2) matrices times Pauli sigma matrices.
Note, that SO(6) ∼ SU(4) and SO(4) ∼ SU(2)L × SU(2)R. In fact, SU(4) contains
SU(3)× U(1)B−L where SU(3) is the SM QCD gauge group and U(1)B−L is associated
with the baryon number minus lepton number generator.
The SU(3) × U(1)B−L subalgebra consists of t+ generators in Eq. (32) with all
entries zero except A3×3 and B3×3. In fact, U(1)B−L is generated by A3×3 = 0 and
B3×3 = 13×3. SU(2)L × SU(2)R contains the gauge group SU(2)L × U(1)t3R . In our
notation, U(1)t3R is generated by A2×2 = 0 and B2×2 = 12×2. Hypercharge symmetry
is a combination of U(1)B−L and U(1)t3R gauge symmetries. Note that one needs to
define a proper normalization of the SO(10) generators. In this paper we use the usual
convention Tr[tatb] = δab/2. The properly normalized B − L = 1√
12
diag (1, 1, 1, 0, 0)⊗
σ2 and t3R =
1√
8
diag (0, 0, 0, 1, 1) ⊗ σ2 combine into the hypercharge generator Y =√
3
40
diag (2/3, 2/3, 2/3,−1,−1)⊗ σ2 where Y =
√
2
5
(B − L)−
√
3
5
t3R.
The 10-dimensional Higgs representation of SO(10) is realized under SO(6)×SO(4)
as 10 = 6 ⊕ 4. Under the standard model gauge group however, we have 6 = t ⊕ t¯ and
4 = d ⊕ d¯ where t (t¯) is a color triplet (anti-triplet) and d, d¯ are weak doublets. It is
essential to note that under P ′ = diag (−1,−1,−1,+1,+1)⊗12×2 doublets d and d¯ have
positive parities while triplets t and t¯ have negative parities. This is in fact the essence
of the doublet-triplet splitting mechanism used in this paper.
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